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Human immunodeficiency virus (HIV)-positive individuals express elevated levels of interleukin-8 (IL-8),
which is believed to be responsible for some of the clinical manifestations occurring during AIDS. We report
here that virion-derived HIV type 1 (HIV-1) protein R (Vpr) increased IL-8 expression in primary T cells and
macrophages, as well as in the T-cell line Jurkat, the monocytic cell line U937, and the epithelial cell line A549.
Vpr appeared to increase IL-8 expression and IL-8 promoter activity by activating transcription factors NF-kB
and NF-IL-6. Elevated Vpr was also shown to increase transcription of the NF-kB and NF-IL-6 enhancer-
containing viral promoters for HIV, cytomegalovirus, and simian virus 40, as well as increase the expression
of IL-6 and IL-10 in primary macrophages and in A549 cells, tumor necrosis factor alpha expression in primary
T cells, and IL-6 and gamma interferon expression in U937 cells. These results suggest a new role for Vpr in
the pathogenesis of HIV infection, namely, the activation of transcription factors NF-IL-6 and NF-kB.

Interleukin-8 (IL-8) is one of several proinflammatory cyto-
kines expressed during the inflammatory response to viral and
bacterial infections (53). IL-8 was first identified as a 72-ami-
no-acid neutrophil chemotactic polypeptide (37, 61). Subse-
quent studies have found that IL-8 stimulates chemotaxis in
basophils and T lymphocytes (20, 62), induces neutrophils to
release lysosomal enzymes (61), increases neutrophil expres-
sion of CD11b/CD18 and CR-1 (14), and promotes adherence
of neutrophils to endothelial cells by increasing the expression
of VCAM-1 and selectins (25).

IL-8 serum levels are significantly increased in human im-
munodeficiency virus (HIV)-infected individuals (34-fold [35])
and may contribute to some of the clinical manifestations that
occur during AIDS. Studies indicate that HIV-positive individ-
uals infected with Pneumocystis carinii express higher levels of
IL-8 as compared to HIV-negative individuals presenting this
same bacterial infection (7). In vitro, IL-8, along with IL-6 and
tumor necrosis factor alpha (TNF-a), are induced early after
HIV monocytic infection, followed by their continued in-
creased expression (15). Interestingly, these studies on the in
vitro expression of IL-8 in HIV-infected monocytes showed a
close correlation between extracellular IL-8 levels and the lev-
els of HIV p24 antigen (15), suggesting that an HIV lytic-cycle
protein or proteins may be involved in the observed increase in
IL-8.

The HIV protein R (Vpr) is a highly conserved viral auxil-
iary protein encoded by open reading frame R and is found in
both human and simian immunodeficiency viruses (11, 60).
The vpr gene encodes a 14-kDa, 96-amino-acid protein which
is expressed primarily from a singly spliced Rev-dependent
mRNA during the late phase of the virus life cycle (63). Vpr is

assembled in the virus particle and, upon virus entry and un-
coating, participates with the viral matrix proteins in targeting
the HIV preintegration complex to the cell nucleus (8, 23).
When expressed alone, Vpr has also been shown to cause cell
cycle arrest in the G2/M phase of the cell cycle by suppressing
cyclin B-associated kinase activity (22, 47), to induce cellular
differentiation (32), and to promote cell apoptosis (58). Fi-
nally, Vpr has also been found associated with several cellular
proteins (4, 32), one of which has been tentatively identified as
belonging to the glucocorticoid receptor family (48).

Given the ability of HIV to increase the synthesis of proin-
flammatory cytokines at a time concomitant with virus repli-
cation (15), we undertook experiments to determine whether
Vpr could alter the expression of the proinflammatory mole-
cule IL-8. We chose IL-8 as our prototypic proinflammatory
cytokine based on its increased expression following HIV in-
fection and the presence of enhancer elements within the IL-8
promoter that are common to several other HIV-dysregulated
proinflammatory cytokines (12).

MATERIALS AND METHODS

Culture reagents, antiserum, and cell culture. Recombinant IL-1a was ob-
tained from Boehringer Mannheim (Laval, Quebec, Canada). Rabbit anti-Vpr
serum was obtained following injection of bacterially derived Vpr recombinant
protein (HIV strain ELI) as previously described (31). The monocytic cell line
U937 (CRL-1593; American Type Culture Collection, Manassas, Va.) and the
T-lymphoid cell line Jurkat (TIB-152; American Type Culture Collection) were
maintained in RPMI 1640 (Gibco BRL, Burlington, Ontario, Canada) supple-
mented with 10% heat-inactivated fetal calf serum (FCS; Gibco BRL), penicillin
(100 U/ml), and gentamicin (80 mg/ml). The human pulmonary epithelial cell line
A549 (kindly provided by B. Massie, National Research Council of Canada,
Montreal, Quebec) was maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibco BRL) supplemented with 10% FCS, penicillin (100 U/ml), and
gentamicin (80 mg/ml).

Peripheral blood T cells and macrophages were obtained from healthy HIV-
negative blood donors following separation on Ficoll-Hypaque density gradients.
T cells were purified by CD4- and CD8-Dynabead affinity purification (Dynal,
Success Lake, N.Y.). Macrophages were purified by adherence to FCS-coated
tissue culture dishes. T-cell and macrophage preparations were 97% 6 1.5%
(SE) (mean 6 standard error) CD31 (T cells) and 86% 6 5.4% CD141 (mono-
cytes/macrophages), respectively, as determined by immunostaining with phyco-
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erythrin-coupled anti-human CD3 mouse monoclonal antibody (clone Leu-4;
Becton Dickinson, San Jose, Calif.) or phycoerythrin-coupled anti-human CD14
mouse monoclonal antibody (clone Leu Mwp9; Becton Dickinson) and flow
cytometric analysis.

Plasmid construction. The various IL-8 promoter constructs used to map
Vpr-responsive promoter elements were constructed with PCR amplification
products using synthetic primers within the IL-8 promoter region (21481 to
21462, 59-GAATTCAGTAACCCAGGCAT; 255 to 235, 59-GATGAGGGTG
CATAAGTTCTC; and 179 to 198, 59-CCTTCCGGTGGTTTCTTCCT) or
unique internal restriction sites within the IL-8 promoter (XbaI site at position
2273) or were chemically synthesized (23 NF-kB 280/270, 59-gggaagcttGGA
ATTTCCTGGGAATTTCCTggatccggg; 23 NF-IL-6 292/280, 59-gggaagcttCA
GTTGCAAATCGTGGCAGTTGCAAATCGTgggatccgg; or NF-IL-6/NF-kB
292/70, 59-gggaagcttCAGTTGCAAATCGTGGAATTTCCTggatccggg), using
an Applied Biosystems 394 DNA/RNA nucleotide synthesizer. The resulting
PCR fragments or synthetic DNAs were either subcloned into the EcoRI restric-
tion site of PCR cloning vector pCR2.1, using the TA cloning kit (Invitrogen,
Carlsbad, Calif.), or cloned as a HindIII/BamHI restriction fragment into
pUC19, followed by subsequent insertion into the chloramphenicol acetyltrans-
ferase (CAT) reporter plasmid pBLCAT3 or pBLCAT2, respectively (33). All
IL-8 promoter DNA sequences constructed by PCR amplification were verified
for sequence fidelity by DNA sequencing and comparison with the previously
reported IL-8 promoter sequence (41; J. Tanner, unpublished data).

The parental plasmid pSVCMVER (31) and its derivative plasmid pHook-3:
VPR are HIV Vpr (HIV strain EL1) eukaryotic expression plasmids for which

the vpr open reading frame was inserted either into the HindIII restriction site of
the pHook-3 expression plasmid (Invitrogen) or into the SalI/SacI restriction
sites of pSVCMVexPA (31). HIV EL1 Vpr has previously been shown to exhibit
properties comparable to Vpr found in other HIV strains, such as virion incor-
poration and nuclear targeting, G2/M cell cycle arrest, and induction of cellular
apoptosis (65). Viral promoter-linked CAT plasmids pHIVCAT (43, 54),
pCMVCAT (17), pSV2CAT and pA10CAT2 (20), and pTKCAT (38) were used
to determine additional Vpr-responsive promoters.

Production of pseudotyped HIV and infection of cells. Vesicular stomatis virus
G protein (VSV-G)-pseudotyped HIV-1 stocks were generated by cotransfection
of 293T cells with envelope-defective HIV-1 proviral DNA and VSV-G expres-
sion plasmid as described elsewhere (25). Briefly, VSV-G-pseudotyped Vpr1 and
Vpr2 viral stocks were produced by transfection of 293T cells with HxBRUR1/
Env2 or HxBRUR2/Env2 HIV-1 provirus plasmid (59, 64) and pSVCMV-
VSV-G expression plasmid (65). Vpr or Vpr mutant R80A was trans -incorpo-
rated using the pSVCMV-Vpr expression plasmids (64). Following 72 h of
culture, virus was pelleted from the culture supernatant by ultracentrifugation
(24), and virus titers were determined by MAGI (multinuclear activation of
galactosidase indicator) assay (27).

Primary lymphocytes (105/ml) or Jurkat, U937, or A549 cells (5 3 105/ml) were
infected with Vpr1 or Vpr2 VSV-G-pseudotyped viruses at multiplicities of
infection of 10 for 8 h in the presence of Polybrene (10 mg/ml). Two hours prior
to infection, 5 mM 39-azido-3-deoxythymidine (AZT; Sigma Chemical Inc.) was
added to inhibit virus transcription (24). Cell supernatants were collected at 24 h

FIG. 1. Induction of IL-8 by Vpr. (A) Extracellular IL-8 protein concentrations from primary T (T) cells, macrophages (M), and Jurkat, U937, and A549 cells
following culture for 24 h in medium (open box), infection and culture with Vpr2 pseudotyped HIV-1 (black box), Vpr1 pseudotyped HIV-1 (diagonally hatched box),
or culture with mitogens (LPS, [1 mg/ml], macrophages and U937; PMA [20 ng/ml]/1:200 [vol/vol] PHA, T cells and Jurkat; IL-1a [4 ng/ml], A549) (horizontally hatched
box); extracellular IL-8 protein concentrations from pHook3-transfected cells, pHook3:VPR-transfected cells, or pHook3-transfected cells treated with mitogen IL-1a
(4 ng/ml; A549), LPS; (1 mg/ml U937) or PMA (20 ng/ml) 1:200 (vol/vol) PHA (Jurkat). Cells were affinity purified by magnetic beads 24 h posttransfection and
processed for anti-Vpr immunoblot (B) or cultured for an additional 24 h at 104 cells/200 ml in serum-free DMEM in the presence or absence of mitogen (C). Results
are expressed as the mean IL-8 concentration 6 SE and based on samples from two and three independent infections or transfections, respectively. P values of #0.05
are designated by asterisks.
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postinfection, treated with 0.01% Tween 20 to inactivate residual virus, and
stored at 280°C until use.

Transient transfection. Transfection of A549 cells was performed using DM-
RIE-C (Gibco BRL) as recommended by the manufacturer. Briefly, cells that
had been seeded at 3 3 105 cells per 35-mm-diameter well and cultured for 18 h
were then transfected with a total of 2 or 4 mg of plasmid DNA using 6 mg of
DMRIE-C per ml of Opti-MEM I (Gibco BRL). Transfections were stopped
after 6 h by adding an equal volume of DMEM containing 20% FCS. For the
transfection of U937 and Jurkat cell lines, a protocol similar to that used for
A549 cells was followed except that 106 cells were used along with 12 mg of
DMRIE-C and 6 mg of plasmid DNA. Twelve hours later, the culture medium
was replaced and the cells were incubated for an additional 24 h. For experi-
ments involving the measurement of CAT enzyme or extracellular cytokines, the
culture medium was replaced with serum-free medium supplemented with or
without mitogens IL-1a, phorbol myristate acetate (PMA), phytohemagglutin in
(PHA), or lipopolysaccharide (LPS) during the final 24 h of culture.

In several experiments, Vpr-expressing cells were enriched by affinity purifi-
cation following transfection with pHook-3:VPR. The pHook-3 vector expresses
and displays a single-chain antibody (sFv) which allows for the rapid isolation of
transfected cells following incubation with hapten-coated magnetic beads (10).
Twenty-four hours after the start of the transfection, adherent or nonadherent
cells were harvested and washed with phosphate-buffered saline containing 3
mM EDTA followed by a 60-min incubation at 37°C on a slow rotator in
complete medium containing hapten-coupled magnetic beads. The magnetic
bead-bound cells were purified with a magnetic particle concentrator (Dynal),
counted, and seeded at 104 cells/well in 96-well plates, using 200 ml of serum-free
DMEM per well. Following this protocol, Vpr-containing A549, Jurkat, or U937
cells were enriched to more than 85% of the total cell population, as measured
by the hemagglutinin A epitope immunofluorescence from cell surface sFv an-
tibody chain (P. Roux, unpublished data). The enriched cells were incubated for
an additional 24 h before assaying the culture media for cytokines.

CAT assay. Levels of CAT enzyme were determined from 50 mg of cytoplasmic
protein lysate using a CAT-specific enzyme-linked immunosorbent assay
(ELISA) as recommended by the manufacturer (Boehringer Mannheim). CAT
enzyme levels from different transfection experiments were normalized by co-
transfection of pCMV-b-galactosidase and measurement of b-galactosidase en-
zyme (Invitrogen).

EMSA. Electrophoretic mobility shift assay (EMSA) was performed using
nuclear protein extracts from Vpr-transfected or Vpr-untransfected A549 cells as
outlined by Scheinman et al. (52). Briefly, nuclei were isolated after 24 h from
cells transfected with pSVCMVER or from control transfectants. Following
gentle lysis of cell pellets in buffer containing 0.1% Nonidet P-40 and protease
inhibitors phenylmethylsulfonyl fluoride, leupeptin, and pepstatin A, nuclear
proteins were isolated from nuclei by high-salt (0.4 M) buffer extraction. Nuclear
protein concentrations were determined colorimetrically with Bradford dye (Bio-
Rad, Mississauga, Ontario, Canada) and stored at 280°C until use. Nuclear
protein extract (10 mg) was incubated at 7°C for 20 min with anti-human NF-
kB/p50 or anti-human NF-IL-6 antibody and Nu-Shift buffers and reagents
(Geneka Inc., Montreal, Quebec, Canada) followed by continued incubation for
20 min with 32P-labeled DNA oligonucleotide probe (10,000 cpm). Protein-
bound DNA probe was resolved in a 5% polyacrylamide–Tris-glycine-buffered
gel (51). Oligonucleotide probes (Geneka) used in our EMSA were based on
both the published DNA sequence data for the IL-8 NF-kB and NF-IL-6 en-
hancer sequences and our positive CAT results.

Immunoblotting analysis. Total cellular protein from Vpr-transfected cells
was prepared in sodium dodecyl sulfate sample buffer 48 h posttransfection and
resolved in a sodium dodecyl sulfate–15% polyacrylamide gel. The proteins were
transferred onto a nitrocellulose membrane (Gelman Sciences, Ann Arbor,
Mich.) and probed with a rabbit anti-Vpr serum (1:500). Bound antibody was
detected with a horseradish peroxidase-labeled donkey anti-rabbit serum (1:
3,000; Amersham, Oakville, Ontario, Canada) and developed using an enhanced
chemiluminescence immunoblotting detection kit (Amersham).

Cytokine assays. Extracellular IL-6, IL-8, IL-10, TNF-a, and gamma inter-
feron (IFN-g) protein concentrations were determined by ELISA (R&D Sys-
tems, Minneapolis, Minn.).

Statistical analysis. Statistical comparison of Vpr-transfected cells with
matched control cell populations was performed using the Student t test.

RESULTS

Vpr expression induces IL-8. IL-8 serum levels are signifi-
cantly increased in HIV-infected individuals (35). In vitro,
IL-8, along with IL-6 and TNF-a, are induced early after HIV
monocytic infection, followed by their continued increased ex-
pression (15). We determined whether Vpr was capable of
inducing IL-8 in HIV-susceptible cells by infecting primary T
cells or macrophages, the T-cell line Jurkat, the monocytic cell
line U937, or the human pulmonary cell line A549 with
pseudotyped HIV-1 virus incorporated with either a wild-type

or a mutant Vpr. We chose to test the A549 cell line because
this cell line expresses IL-8 following cytokine stimulation and
has been shown to faithfully reflect the use of transcription
control elements used within the IL-8 promoter for several cell
types, including monocytes (36, 42, 56). Results indicated that
Vpr1 virus, but not Vpr2 virus, increased IL-8 expression in all
the cell types tested. As shown in Fig. 1A, Vpr1 virus induced
the expression of IL-8 in primary macrophages and T cells
four- and twofold, respectively. Vpr1 virus also increased the
expression of IL-8 in Jurkat, U937, and A549 cells 1.4-, 9-, and
20-fold, respectively.

To exclude the possibility that Vpr acted in conjunction with
another virion protein, we transfected Jurkat, U937, and A549
cells with expression plasmid pHook-3:VPR. Following an ini-
tial cell sorting with hapten-coated magnetic beads to enrich
the number of cells expressing Vpr in our cultures (Fig. 1B), we
observed that Jurkat, U937, and A549 cells transfected with
pHook-3:VPR expression plasmid demonstrated 83-, 16-, and
500-fold, respectively, increases in the level of IL-8 protein 24 h
postselection (Fig. 1C). This compares with 130-, 40-, and
1,140-fold increases in IL-8 protein level following mitogen
stimulation (Fig. 1C). The induction levels for IL-8 following
Vpr expression in Jurkat and U937 cells are comparable to
previous reports for Jurkat and monocytes using PMA and
ionomycin (60-fold) or gp120 (9-fold) as stimulants (9, 45). The
induction levels of IL-8 following Vpr expression in A549 cells
(500- to 1,140-fold) was based on the minimum detection limit
of our ELISA (10 pg/ml), since no IL-8 was detectable in our
vector-transfected A549 cells. We do note, however, that the
observed 2,550 pg of IL-8 per ml induced by Vpr is in agree-
ment with that previously reported for TNF-a- or IL-1-stimu-
lated A549 cells (2,200 or 1,800 pg/ml, respectively) (49).

Identification of Vpr-responsive elements in the IL-8 pro-
moter. To determine whether Vpr increased IL-8 expression in
part by inducing IL-8 gene transcription, the full-length IL-8
promoter (41), along with various truncated forms of the IL-8
promoter fused to the reporter gene, CAT, were cotransfected
with the Vpr expression plasmid pSVCMVER. In initial ex-
periments, cotransfection of A549 cells with increasing
amounts of Vpr expression plasmid and a constant amount of
full-length IL-8 promoter reporter plasmid resulted in a Vpr
dose-dependent increase in IL-8 promoter-driven CAT levels
(expressed as stimulation indices [SIs]) (Fig. 2). The IL-8 pro-
moter-driven CAT enzyme levels obtained with optimal

FIG. 2. Effect of Vpr expression on IL-8 promoter activity in A549 cells.
A549 cells transfected with 2 mg of full-length IL-8 promoter-CAT construct
(pIL-8CAT-1481) and increasing amounts of Vpr expression plasmid pSVCMVER
or A549 cells transfected with pIL-8CAT-1481 and treated with IL-1a (4 ng/ml)
were assayed for IL-8 promoter activity by CAT ELISA. To eliminate variable
transfection efficiencies due to differing amounts of plasmid DNA, final amounts
of plasmid DNA for each transfection were adjusted to 4 mg using pSVCMV.
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amounts of Vpr expression plasmid were comparable to those
obtained with exogenously added IL-1a (Fig. 2).

Fine mapping of the IL-8 promoter indicated that the DNA
sequences most responsive to Vpr resided within nucleotide
sequences spanning 2273 to 255 (Fig. 3). Upstream promoter
sequences spanning 21481 to 2273 appeared dispensable for

maximal Vpr induction (Fig. 3B). Conversely, the deletion of
promoter sequences containing the NF-IL-6/NF-kB enhancer
sequence (294 to 270) significantly abolished Vpr responsive-
ness. Transfection of pIL-8CATD(2273/179) or pIL-8CAT-55
with a Vpr expression plasmid resulted in no marked increase
in CAT activity (Fig. 3B). The slight (0.3-fold) increase in CAT

FIG. 3. Identification of Vpr-responsive elements in the IL-8 promoter. (A) Schematic representation of the 59-regulatory region of the IL-8 gene and the various
IL-8 promoter truncation constructs fused to the CAT gene used to map Vpr-responsive elements in the IL-8 promoter. (B) CAT induction levels in A549 cells following
cotransfection with the various IL-8 promoter-CAT constructs (shown above) and Vpr expression vector pSVCMVER (open bar). A549 cells were also cotransfected
with the various IL-8 promoter-CAT constructs and pSVCMV followed by treatment with IL-1a (5 ng/ml) (black bars). CAT SIs were determined following subtraction
of pSVCMV-transfected CAT values, which were arbitrarily given a value of 1. Results were then expressed as the mean SI 6 SE. Results were based on three
independent transfections.
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activity observed when IL-8 DNA sequences 21481 to 2273
were linked to the CAT gene may be due to the presence of a
glucocorticoid-responsive element, since this same reporter
plasmid was also found to be responsive to dexamethasone (2,
40;Roux, unpublished data).

To determine whether NF-IL-6 and NF-kB enhancer se-
quences, either individually or together as a core IL-8-respon-
sive element, were responsive to Vpr expression, CAT reporter
constructs containing each of these elements were cotrans-
fected with the Vpr expression plasmid into A549 cells. As
seen in Fig. 3B, NF-kB and NF-IL-6, either together or indi-
vidually, were responsive to Vpr. The observed increase in IL-8
promoter activity stemming from NF-IL-6 and NF-kB en-
hancer sequences following Vpr stimulation is in agreement
with results previously observed for IL-1a (57).

To verify that NF-kB and NF-IL-6 transcription factors
bound to our CAT-linked IL-8 promoter, EMSA was per-
formed. Results indicated that Vpr-transfected cells increased
NF-kB and NF-IL-6 DNA binding activity three- and fivefold,
respectively, relative to that of mock-transfected cells (Fig. 4,
lane 2). Binding activity was specific for the NF-kB and NF-
IL-6 probe since labeled oligonucleotides could be blocked
from binding to nuclear protein with excess cold oligonucleo-
tides but not with excess mutant oligonucleotides (lanes 3 and
4), thus reconfirming that NF-kB and NF-IL-6 activity was
increased following Vpr expression. Addition of anti-NF-kB/
p50 or anti-NF-IL-6 antiserum to the EMSA mixture also

revealed the presence of unique and intensely strong higher-
molecular-weight bands in the Vpr-expressing cell nuclear ex-
tract versus mock-transfected cell extract (lane 5). These high-
er-molecular-weight bands could also be competitively
inhibited with NF-kB/p50- or NF-IL-6-specific peptides (lane
6), indicating that NF-kB/p50 and NF-IL-6 transcription fac-
tors formed part of the transcription complex involved in Vpr
activation of the IL-8 promoter.

Vpr stimulation of the IL-8 promoter core was also seen in
the T-cell line Jurkat and in the monocytic cell line U937.
Cotransfection of Vpr expression plasmid pSVCMVER with
the full-length IL-8 promoter or the core NF-IL-6/NF-kB en-
hancer elements (Fig. 5) resulted in a two- to sixfold and a one-
to twofold, respectively, increase in CAT activity. Vpr did not
increase CAT activity in either Jurkat or U937 cells when
tested with individual NF-kB or NF-IL-6 enhancer elements,
indicating the need to maintain an intact IL-8 core enhancer
structure for optimum promoter activity (Tanner, unpublished
data). These results agree well with those seen with A549 cells
(Fig. 3) or those previously observed for LPS-stimulated U937
cells (28, 36).

In addition to the IL-8 promoter, Vpr was found to increase
the transcription of other NF-kB or kB-like enhancer contain-
ing promoters. Vpr expression increased the transcription of
the HIV long terminal repeat (LTR) promoter, the cytomeg-
alovirus (CMV) immediate-early gene promoter, and the sim-
ian virus (SV40) T-antigen promoter two- to fourfold (Table
1). The induction of these viral promoters appeared to be kB

FIG. 4. EMSA analysis of Vpr-transfected and untransfected A549 cells.
Nuclear protein extracts were prepared from A549 cells harvested 24 h after
transfection with either pcDNA3 (left) or pSVCMVER (Vpr; right). 32P-labeled
NF-kB (top) and NF-IL-6 oligonucleotide probe (oligo) (bottom) were incu-
bated in the absence (2) or presence (1) of nuclear extract, 10-fold-excess
wild-type (wt) or mutant (mut) cold oligonucleotide probe, anti-NF-kB/p50 or
NF-IL-6 anti-transcription factor antibody, or excess antibody-specific transcrip-
tion factor immune peptide, as outlined at the top. NF-kB or NF-IL-6 bands
which increased in intensity following Vpr expression (F) or are unique following
Vpr expression and anti-transcription factor antibody addition (E) are indicated.

FIG. 5. IL-8 promoter response following Vpr expression in Jurkat and U937
cells. Jurkat (h) or U937 (■) cells were cotransfected with pIL-8CAT-1481 or
pIL-8CAT (292/270) and pSVCMVER (Vpr) or pSVCMV. pSVCMV trans-
fected cells were also cultured in the presence or absence of LPS (1 mg/ml; U937)
or PMA (20 ng/ml)/1:200 (vol/vol) PHA (Jurkat) (Mitogen). CAT SIs were
determined following subtraction of pSVCMV-transfected CAT values, arbi-
trarily given a value of 1. Results were then expressed as the mean SI 6 SE.
Results were based on three independent transfections.

TABLE 1. Heterologous viral promoter activity following
Vpr stimulation

Promoter

Avg CAT enzyme concentration
(pg/50 mg of cell protein) 6 SDa

SI

Mock Vpr

IL-8 343 6 67 903 6 24 2.6
CMV 467 6 8 1,869 6 201 4.0
HIV LTR 163 6 22 491 6 74 3.0
SV40 310 6 8 882 6 5 2.8
HSV TK 19 6 0.5 21 6 2 1.1

a Based on samples obtained from three separate transfections.
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specific, since the herpes simplex virus thymidine kinase (HSV
TK) promoter, which does not contain kB-like enhancer ele-
ments, did not significantly increase transcription following
Vpr expression (Table 1).

Induction of proinflammatory cytokines by Vpr. Since Vpr
was capable of increasing the expression of IL-8 in primary
cells, as well as in Jurkat, U937, and A549 cell lines, we also
analyzed whether culture supernatants from Vpr-treated cells
contained the proinflammatory cytokines TNF-a, IL-6, IFN-g,
and IL-10. We chose these cytokines since they too have been
reported to be controlled by NF-kB or NF-IL-6 enhancer el-
ements and are expressed during HIV infection.

Results revealed that Vpr increased the level of IL-10 15-
and 3-fold and increased the level of IL-6 4- and 2-fold in
macrophage and A549 cells, respectively (Tables 2 and 3).
Primary T cells were found to express a 10-fold increase in the
level of TNF-a following Vpr1 virus infection (Table 2). U937
cells were found to increase IL-6 and IFN-g 3-fold following
Vpr expression but showed only a slight increase (0.2-fold) in
TNF-a (Table 3). Although we did detect IL-8 expression in
Jurkat cells (Fig. 2), we did not detect measurable amounts of
TNF-a, IL-6, IL-10, or IFN-g expression following either Vpr
or PHA-PMA stimulation (Tanner, unpublished data). The
induction by IL-8, IL-10, and IL-6 in primary macrophages, or

the induction of TNF-a in T cells by Vpr1 but not Vpr2

infected cells, also suggests that Vpr is capable of overcoming
the immunosuppressive properties of AZT (Table 2 and ref-
erence 44).

DISCUSSION

Our results demonstrate that Vpr is capable of increasing
the expression of IL-8 through the activation of transcription
factors NF-kB and NF-IL-6. This is the first report of Vpr
acting as a stimulator of NF-kB or NF-IL-6 for the induction of
a proinflammatory cytokine. In addition to IL-8, we observed
that other cytokines controlled by NF-kB or NF-IL-6, and
several viral promoters containing kB-like or NF-IL-6 en-
hancer sequences, responded positively to Vpr (Tables 1 to 3).

Vpr appears essential for HIV replication in vivo, as seen by
the high rate of mutant Vpr reversion to wild type following
mutant virus injection into macaques (29), poor virus replica-
tion in primary T cells and monocytes when Vpr was expressed
in mutated form (5, 13, 19), and blockage of virus replication
when cells were grown in the presence of antisense Vpr oli-
godeoxynucleotide (6). HIV is also known to replicate more
efficiently in blast cells than in quiescent cells (53). Since typ-
ical HIV targets, such as monocytes or T cells, would be qui-

TABLE 2. Induction of proinflammatory cytokines by virion-transduced Vpra

Cytokine
Mean cytokine concn (pg/ml) 6 SD

Vpr SIb Mitogen (mean cytokine
concn 6 SD)

Mitogen
SIMedium Vpr mutant Vpr

Macrophages
TNF-a 32 6 18 NDc ND 0 256 6 71 8
IL-6 70 6 52 ND 266 6 33 4 810 6 100 12
IFN-g 32 6 8 ND ND 0 168 6 48 5
IL-10 24 6 5 ND 370 6 130 15 171 6 32 7

T cells
TNF-a 22 6 2 ND 209 6 140 10 398 6 78 18
IL-6 10 6 10 ND ND 0 570 6 10 57
IFN-g 33 6 9 ND ND 0 257 6 78 8
IL-10 29 6 12 ND ND 0 148 6 31 5

a Lymphocytes (105) were infected with Vpr or Vpr mutant containing VSV-G-pseudotyped HIV viruses at a multiplicity of infection of 10 in the presence of 5 mM
AZT. Cell supernatants were collected at 24 h postinfection.

b Based on medium values.
c ND, not detected.

TABLE 3. Induction of proinflammatory cytokines by plasmid-based Vpra

Cytokine
Mean cytokine concn (pg/ml) 6 SD

Vpr SI Mitogen mean cytokine
concn (pg/ml) 6 SD Mitogen SI

Mock Vpr

A549
TNF-a NDc ND ND 0
IL-6 156 6 23 256 6 18 2 640 6 126 4
IFN-g ND ND 0 ND
IL-10 156 6 42 446 6 72 3 227 6 84 2

U937
TNF-ab 26,100 6 101 31,200 6 304 1 32,780 6 135 1
IL-6 92 6 15 278 6 34 3 4,320 6 143 47
IFN-g 32 6 11 89 6 12 3 110 6 28 3
IL-10 ND ND ND

a Cells transfected with pHook-3 (mock) or pHook-3:VPR (Vpr) were sorted and seeded at 104 cells/200 ml in serum-free medium 24 h posttransfection in the
presence or absence of mitogens (4 ng of IL-1a per ml for A549 cells; 1 mg of LPS per ml for U937 cells).

b Induction of TNF-a in U937 by Vpr or LPS stimulation following an 18-h pretreatment with PMA (20 ng/ml) (50). Untreated U937 cells failed to induce detectable
TNF-a following either Vpr transfection or LPS treatment.

c ND, not detected.
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escent and unlikely to contain sufficient amounts of active
transcription factor to support initial HIV replication (1), Vpr,
in addition to transporting the preintegration virus RNA com-
plex, also may serve to activate transcription factors such as
NF-kB and NF-IL-6 and allow for an initial burst of HIV
transcription.

Vpr has been shown by a number of laboratories to inhibit
cell growth at the G2/M phase of the cell cycle (22, 45), result-
ing in increased HIV LTR transcription and viral gene expres-
sion (59). The exact cause of increased HIV LTR transcription
during G2/M arrest is still controversial. While there is a report
that G2/M arrest alone is sufficient to increase basal levels of
the transcription machinery and thus augment HIV LTR tran-
scription (21), others believe that increased transcription is
related to the dephosphorylation of the kinase for p34cdc2-
cyclin B and actions of p300 coactivator (16, 22, 46, 47). Our
observed increase in NF-kB/p50 and NF-IL-6 activities and
HIV LTR promoter transcription with no increase in HSV TK
promoter transcription (Fig. 4 and Table 1), coupled with the
fact that p300 binds NF-kB and members of the C/EBP family
in normal cells (39, 46), favors the latter view.

In vitro, newly HIV-infected monocytes exhibited a 36-fold
increase in the levels of IL-8 expression which correlated with
lytic virus replication antigen p24 (15). In vivo, IL-8 levels are
differentially elevated in HIV-infected individuals compared to
their uninfected counterparts (7). Thus, our observed induc-
tion of IL-8 by Vpr in vitro suggests that Vpr could contribute
to some of the HIV-related pathologies seen in vivo. Elevated
expression of IL-8 in HIV-infected monocytes or antigen-pre-
senting cells would be advantageous for the dissemination of
HIV. T cells are 2 to 10 times more sensitive than neutrophils
(40) to low levels of IL-8 in terms of chemotaxis and may
promote T-cell or monocyte interaction through the expression
of IL-8-induced adhesion molecules (55). The overall result
would be to potentiate additional target cells to the site of
infection by chemotaxis, attachment of target cells via induced
adhesion molecules, and subsequent virus production as a re-
sult of elevated virus-promoting cytokines in the microenviron-
ment. These infected cells would then have the potential to
traffic to the draining lymph node and ultimately spread to
peripheral blood.

During the completion of our studies a report was published
which suggested that Vpr inhibited the expression of several
cytokines by inhibiting NF-kB (3). We did not observe an
inhibition in the expression of several NF-kB-controlled cyto-
kines, including IL-10 as reported by Ayyavoo et al. (3).
Rather, Vpr demonstrated 15- and 3-fold increases in the level
of IL-10, and 4- and 2-fold increases in the level of IL-6, in
macrophage and A549 cells, respectively (Tables 2 and 3). We
also observed a 10-fold increase in the level of TNF-a in T cells
and a 2-fold increase in the level of IFN-g in U937 cells fol-
lowing Vpr stimulation (Tables 2 and 3). Further, we con-
firmed that Vpr increased the expression of kB-containing
promoters, namely, HIV, CMV, and SV40 (Table 1 and ref-
erences 11, 18, 21, and 59), which further supports the conten-
tion that Vpr is not a universal inhibitor of NF-kB-driven
promoters. Whether use of alternative transcription factor
family members for NF-kB or NF-IL-6 (1) or differences in the
proliferative state or cell type used during NF-kB analysis
(lymphoid versus the myoblast cell line RD) (3) introduced
experimental variations, thereby altering the outcome of cyto-
kine expression experiments, remains to be explored. We do
note, however, that high levels of Vpr are reported to be toxic
to cells and could result in the appearance of a cytokine-
repressed cell phenotype (21).

In conclusion, our results indicate that Vpr expression and

subsequent activation of NF-kB or NF-IL-6 can lead to in-
creased expression of IL-8. These observations should prove
extremely important in elucidating the initial phase of HIV
infection and providing possible mechanisms for AIDS-related
pathologies. This work also suggests that IL-8 may represent
an important new target for the control of HIV replication.
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